Abstract-In a previous paper, a new time-domain damagebased physics model was proposed for the lifetime prediction of wire bond interconnects in power electronic modules. Unlike cycle-dependent life prediction methodologies, this model innovatively incorporates temperature-and time-dependent properties so that rate-sensitive processes associated with the bond degradation can be accurately represented. This paper presents the work on the development and calibration of the damage model by linking its core parameter, i.e., "damage," to the strain energy density, which is a physically quantifiable materials property. Isothermal uniaxial tensile data for unbonded pure aluminum wires (99.999%) have been used to develop constitutive functions, and the model has been calibrated by the derived values of the strain energy density.
I. INTRODUCTION
W IRE bonds which provide electrical interconnections in power device packaging undergo thermo mechanical fatigue due to the temperature swings experienced during operation, resulting in the accumulation of plastic strain. This builds up damage and results in bond degradation and eventual failure. The extent and rate of wire bond degradation depends on both the magnitude and duration of exposure to the operational and environmental temperature loads. Recent work has shown that thermally activated microstructural changes including recovery, recrystallization and grain growth can offset the damage accumulated during thermo mechanical fatigue under certain conditions [1] . Regrettably, commonly adopted physics-of-failure based models present consequential shortcomings, including their inability to correctly account for this thermally activated "damage removal" effect or other pertinent factors such as irregular loading profiles. When these factors are ignored, erroneous life prediction might result. This has been explained in detail by the authors in [2] which presented a review of the existing physics-of-failure models for wire bond interconnects and proposed the damage based crack propagation model to replace the usual cycle-dependent modeling methodology with a time domain representation. This modeling methodology is intended to estimate the bonding interface damage condition at regular time intervals through a damage model which includes the effect of terms representing thermally activated processes on the bond degradation behavior. In addition, underlying factors which may vary for different materials and which influence the build-up of damage, such as stacking fault energy are also taken into account implicitly by the use of a representative work hardening term. Thus the impact of time-at-temperature and other rate sensitive processes on the bond degradation rate can be accurately represented.
II. DEFINITION OF THE DAMAGE CONCEPTUAL MODEL
In previous work, we presented compelling evidence for the simultaneous occurrence of strain hardening and softening in bond wires during temperature fluctuation, which was particularly pronounced for thermal cycling ranges with peak temperatures above 125
• C [1] , [3] , [4] . The occurrence of dynamic recovery and recrystallization during thermo mechanical fatigue also has been widely reported for isothermal fatigue conditions [5] - [7] . Since the observed grain coarsening and softening might be attributed to dislocation annihilation and a reversal of plastic strain [8] , it was concluded by the authors in [2] that damage removal and damage accumulation occur in tandem during thermo mechanical cycling. In other words, the incremental damage (δD) is the combination of accumulated damage (δD + ) and damage removal (δD
Herein, we refer to "damage" as the extent of microstructural change. Microstructural mechanisms leading to the development of microvoids and microcracks are damage accumulation processes. These include for example the generation of crystallographic defects, perhaps bringing about localized grain misorientation. Processes which resolve this, by facilitating the annihilation, movement or rearrangement of dislocations and defects and thereby enhancing the material's ability to absorb more strain are therefore damage removal processes. Both damage accumulation and removal processes are assumed to occur simultaneously and are subject to spatial and temporal variation as a result of the applied loading conditions.
Under this definition, we propose that damage evolution, i.e., the microstructural change of the material, is associated with the development of dislocations and that it can be quantified by the plastic strain energy. Strain energy is generally represented by the strain energy density (U ), defined as the strain energy per unit volume and it is composed of elastic energy (U e ) and plastic strain energy components (U p ):
where σ and εare stress and strain; ε e and ε p are elastic and plastic strain respectively. It is assumed that the accumulation of damage is attributable to irreversible changes in plastic strain energy. The elastic part, on the other hand, represents recoverable energy and does not contribute to the accumulation of damage.
The plastic work per unit volume is:
The incremental damage accumulation term can be written in the form of plastic strain energy density as:
In a loading event, it is assumed that the damage state and loading temperature determine the level of stress in the plastic region, i.e.,
Thereby the damage accumulation term is linked to strain energy density in terms of the pre-existing damage state and loading temperature as follows:
Likewise, the rate of damage removal is determined by the existing damage state and loading temperature as well as the time at the temperature and can be represented as:
Therefore the incremental damage can be described by the following general expression:
This damage model accounts not only for the key physical process of work hardening during cyclic loading but also creep and stress relaxation over the monotonic loading regime. For example, in an isothermal stress relaxation process, in which strain remains constant i.e., δε p = 0; equation (8) becomes δD = −α(D, T )δt and so, depending on the temperature and damage state, the incremental damage will be negative which indicates a relaxation of stress or strain. And the expression for stress relaxation rate can be obtained by combining δD = −α(D, T )δt with equation (5):
Also under isothermal conditions, constant stress implies constant damage as indicated, so the change of damage δD is zero, i.e.,0
The effective creep strain rate at constant stress is then given by:
Note that the assumption that the plastic stress level can be directly related to the damage state and temperature limits the applicability of this expression to conditions dominated by secondary creep, i.e., before the rupture phase.
So, by employing the above damage model, the wear-out physics of the wire bonds is represented in constitutive terms and the accumulation of "damage" is linked to a physically quantifiable property, namely the plastic strain energy density, which can be measured or extracted experimentally.
The constitutive functions of the damage model were proposed in [2] . In this manuscript, the functions and model parameters are calibrated by quantitatively linking the damage parameter D to experimentally derived strain energy density measurements.
III. OVERVIEW OF THE LIFETIME PREDICTION METHODOLOGY BASED ON THE DAMAGE MODEL
In this section, a brief overview of the entire damage-based crack propagation model and consequential lifetime prediction is given to aid discussion although the details are described elsewhere [2] .
Wire bond lift-off is predominantly the result of horizontal crack growth near bonding interface, attributable to stresses from the significant difference in thermal expansion behavior between the wire and chip material. It has been observed that cracks propagate within the bulk wire or just above the wiremetallization interface [9] , [10] . Delamination may occur along the bonding interface between bonding pad and bond wire, and is usually due to inadequate surface cleaning or pre-existing oxide debris produced during bonding process [11] . However, under appropriate bonding conditions, a metallurgical bond is formed between the wire and metallization. Fig. 1 demonstrates a crack propagating through bulk wire after thermal cycling. In Fig. 1(b) [12] , it can be seen that the crack initiated from interface and progressed through the wire along grain boundaries.
The same observation by Goehre et al. evidenced a crack path which did not advance along the bond interface but rather in the wire material approximately 10 ∼ 20 μm above the bond interface [13] . It was discussed that the crack travels along the recrystallized grain boundaries in the wire material as this costs least efforts for crack propagation due to a prevailing hardening effect in the region between the crack and interface.
In this work, optimal bonding conditions are presumed thus "crack" refers to cracking in the metallurgical sense, rather than delaminating. Fig. 2 shows a schematic diagram of a growing crack in a wire bond, for example as a result of repeated heating and cooling. A position at the bonding interface is represented by y, the distance from the origin O. L and l represent the original bond length and crack length respectively. The damage-based crack propagation model describes the evolution, in time and position, of a crack along an interface between two bonded materials with mismatched CTE (coefficient of thermal expansion) in which the damage condition in the wire material is estimated through the damage model (equation (8)). With a spatial plastic strain distribution function g(y − l, ε) integrated into the damage accumulation term, which indicates the strain concentration factor at a position with respect to the crack tip along the bonding interface, the incremental damage at any point along the interface can be described by the differential model in the following expression:
In this case, ε CT E is the mismatched CTE induced strain in the wire material in the bonded condition.
The total interface damage (D T ) at each time instant (t) can be calculated by the integration of the damage for all the points along the interface from the crack tip
Crack growth rate is a function of total damage and the rate of change of total damage, i.e.,
Thereby the remaining useful lifetime (RU L) of the wire bond interconnects can be estimated by 
IV. DEVELOPMENT OF THE DAMAGE CONCEPTUAL MODEL
In this new time-domain lifetime prediction methodology, development and calibration of the damage conceptual model (equation (8)) is paramount. This manuscript hereafter focuses on this aspect.
A. Evaluation of Plastic Strain Energy Density
Now that the concept of damage is linked to plastic strain energy, the first step is to extract the values of plastic strain energy density from tensile stress-strain curves in order to determine the constitutive functions of the damage model and calibrate the model parameters.
Isothermal, uniaxial tensile testing was carried out to evaluate the dynamic stress-strain response of bond wires used for power module interconnects. For the tests, 99.999% (5N) pure aluminum wire, 375 μm in diameter was cut into approximately 25 mm lengths. The samples were subsequently mounted onto paper tabs to minimize their handling while being clamped into position. The paper tabs provided means by which the samples could be more easily manipulated. Each wire was clamped into place with a fixed value of torque. Testing was performed on a Dynamic Mechanical Analyzer (DMA-Q800, TA Instruments) with a maximum load capacity of 18N, and displacement and force resolutions of 1 nm and 0.00001 N respectively. Isothermal uniaxial tensile tests were then performed at constant strain rate values ranging from of 1.7 × 10 −6 /s to 7 × 10 −4 /s and at temperatures ranging from −55
• C to 190 • C. The tensile tests were terminated at between 8% and 10% strain. Fig. 3 demonstrates the experimental stress-strain curves for strain rate ofε = 0.0007/s at different temperatures.
The plastic strain energy absorbed to reach a strain of 6% is estimated for all the test conditions. The values of plastic strain energy density are plotted against temperature in Fig. 4 . They show a clear linear relationship with regard to temperature at a constant strain rate which is demonstrated by the dashed trend lines.
B. Development of the Damage Model 1) Damage Accumulation Term:
The work hardening part of a uniaxial stress-strain curve can be approximated with a straight line that allows a linear work hardening function. Similarly, in view of the linear relationship between strain energy density and testing temperature shown in Fig. 4 , the temperature dependent function can also be expressed by a linear function. Therefore the damage accumulation term is written as:
where α H is the work hardening constant; α T and β T are temperature hardening constants. It is expected that the strain hardening behavior is represented in terms of existing damage instead of strain. A relationship between strain and damage is therefore necessary. Under low temperature, high strain rate testing condition, it can be assumed that damage accumulation is dominant in wire samples with negligible damage removal processes. Strain is approximately linear with stress in a work hardening curve:
where a and b are the slope of the work hardening line and yield point respectively. Then a relationship between strain and damage is obtained.
Replacing the strain ε p in (15) with the damage expression in (17), we now have the differential damage accumulation model:
Equation (18) was implemented in MATLAB through explicit differentiation. Work hardening behavior based on damage condition in the material can be simulated by σ = dD
There are five parameters in equation (19), namely a, b, α H , α T and β T . The values of b and a are determined by the stress- strain curve at −55 • C,ε = 0.0007/s as the lowest temperature point and fastest strain rate in the whole set of tensile test data. The values of parameter α H , α T , and β T are calibrated by fitting the slope of the work hardening stress-strain line as well as the yield point in a set of experimental stress-strain curves for the highest strain rate ofε = 0.0007/s at different temperatures (Fig. 3) .
The values of these parameters are listed in Table I and the simulated work hardening curves based on the damage evolution corresponding to strain rate ofε = 0.0007/s at different temperatures are plotted in Fig. 5 . Elastic deformation is recoverable so there is no damage accumulation and thus is not relevant to the damage model. Therefore the elastic part of the stress-strain curve is not included in this figure. 2) Damage Removal Term: Fig. 6 shows three sets of experimental stress-strain curves for 5 N 375 μm aluminum bond wires at the relatively low temperatures −55
• C, 0
• C, and 
25
• C at strain rates of 0.0001/s and 0.0007/s respectively. Curves corresponding to strain rate of 0.0007/s are marked with solid lines; those marked with dash lines correspond to strain rate of 0.0001/s.
It can be seen clearly that at −55 • C, the flow curves for the strain rate of 0.0007/s and 0.0001/s nearly overlap (Fig. 6 ). In the flow curves for 0
• C and 25
• C, the dispersion with regard to strain rate is slightly larger. Fig. 7 illustrates the flow curves measured at 190
• C with strain rates ranging from 1.7 × 10 −6 /s to 7 × 10 −4 /s. In comparison, at temperature as high as 190
• C, the dispersion is much larger (Fig. 7) .
Taken together, these results indicate that damage accumulation dominates with very little rate dependence at low temperatures but at high temperatures, time at temperature has a significant influence on thermally-activated damage removal effect.
Thus in the damage removal term (δD − ), the Arrhenius expression is used to reflect the dependence of the damage annihilation rate on temperature T , i.e.,
where Q is the activation energy, R is the gas constant, and k 2 is an annealing coefficient. Now a complete damage model is achieved by combining the damage removal term (equation (20)) with the damage accumulation term (equation (18))
Equation (21) was implemented in MATLAB through a time stepping model. It needs to be noted that plastic strain energy density is accounted for by the damage accumulation term δD + = σδεp, however the level of damage and hence the stress-strain response is also affected by damage removal. Therefore, equation (21) is employed to evaluate the total amount of damage but the values of stress are extracted from equation (19), i.e., σ = dD + /dε p . In the simulation model, the annealing coefficient k 2 and activation energy Q influence the slope of the work hardening line and induce consequential change in strain energy density. The value of these two parameters can be calibrated by the set of experimental stress-strain curves for the highest temperature tested (190 • C) at different strain rates (Fig. 7) , as these are most heavily influenced by thermally activated phenomena.
It can be seen from Fig. 7 that the yield point varies with respect to the different strain rates, suggesting different states of "initial damage." This is to be expected, as the effect of varying strain rate amounts essentially to varying the time at temperature. It therefore makes sense in the simulation model to set the initial damage to different values corresponding to the different yield points resulting from the different strain rates. Fig. 8 shows the simulated work hardening curves at 190
• C at different strain rates when k 2 and Q are set to 20 and 56 000 J/mol, respectively.
C. Evaluation of Accumulated Damage Under Isothermal Tension Loading Conditions
By way of verification of the calibrated damage model, equation (21) can now be used to evaluate the accumulated damage δD + for 6% strain, i.e., as per the strain energy density values calculated from the uniaxial tensile test data. The experimentally derived plastic strain energy density and the values of strain energy induced damage predicted by the model are listed in Table II together with values of relative errors. Agreement is generally better than 6% across the range of strain rates and temperatures with an average error of less than 3%, endorsing our approach to calibration. In just two cases (ε = 0.00003/s, T = 90
• C; andε = 0.00001/s, T = 125 • C), the relative errors are around 10%. We suspect this may be due to the experiment error.
V. CONCLUSION AND FURTHER WORK
The aim of the present work has been to develop and calibrate a constitutive damage model which forms the principal part of a recently proposed time-domain, damage-based crack propagation model for the lifetime prediction of wire bond interconnects.
The damage model is calibrated by quantitatively linking the damage parameter to plastic strain energy evaluated from flow curves which were obtained for pure aluminum (99.999%) wires by means of uniaxial tensile tests under various temperatures and strain rates. The constitutive material representation is determined by reference to the experimental stress-strain curves. The damage accumulation term is calibrated with the highest strain rate data and damage removal function, which reflects the influence of temperature and time on the accrued damage, is calibrated by the stress-strain data at the highest temperature with various strain rates. Then the whole constitutive damage model is verified by good agreement between values of damage accumulation and experimentally derived values of strain energy density under all testing conditions.
In the next step, this verified constitutive damage model will be applied in the crack propagation model to calibrate the crack propagation model against wire bond wear-out data collected from both active and passive thermal cycling experiments under different temperature profiles.
